Abstract -In this paper, analysis of cascaded H-bridge multilevel inverter in DTC-SVM (Direct Torque Control-Space Vector Modulation) based induction motor drive for FCEV (Fuel Cell Electric Vehicle) is presented. Cascaded H-bridge multilevel inverter uses multiple series units of H-bridge power cells to achieve medium-voltage operation and low harmonic distortion. In FCEV, a fuel cell stack is used as the major source of electric power moreover the battery and/or ultra-capacitor is used to assist the fuel cell. These sources are suitable for utilizing in cascaded H-bridge multilevel inverter. The drive control strategy is based on DTC-SVM technique. In this scheme, first, stator voltage vector is calculated and then realized by SVM method. Contribution of multilevel inverter to the DTC-SVM scheme is led to achieve high performance motor drive. Simulations are carried out in MatlabSimulink. Five-level and nine-level inverters are applied in 3hp FCEV induction motor drive for analysis the multilevel inverter. Each H-bridge is implemented using one fuel cell and battery. Good dynamic control and low ripple in the torque and the flux as well as distortion decrease in voltage and current profiles, demonstrate the great performance of multilevel inverter in DTC-SVM induction motor drive for vehicle application.
Introduction
In recent years, industry has begun to demand higher power equipment, which now reaches the megawatt level [1] . The multilevel converter is a promising power electronics topology for high power motor drive applications because of its low electromagnetic interference (EMI) and high efficiency [1] [2] [3] [4] . These inverters can solve the problems associated with traditional 2-level inverters. Their topologies, including diode-clamped, flying capacitor, and cascaded H-bridge structures, are intensively studied for high-power applications [1, 5, 6] . In cascaded H-bridge the desired output voltage is obtained by combining several separate DC voltage sources. Solar cells, fuel cells, batteries, and ultra-capacitor are the most common used independent sources [3] . This structure can be considered in two arrangements, symmetrical and asymmetrical. The use of asymmetric input voltages can reduce, or when properly chosen, eliminate redundant output levels. In addition more different output voltage levels can be generated with the same number of components, compared to a symmetric multilevel inverter [6] [7] [8] [9] . Higher output quality can be obtained with fewer cascaded cells and control complexity, and output filters can be remarkably shrunk or even eliminated [6] .
Direct Torque Control (DTC) is one of the most popular control strategies in high-performance variable-speed drive applications for induction machines, which it can decouple the interaction between flux and torque control, and provide good torque response in steady state and transient operation conditions [10] . Simple structure and very good dynamic behaviour are main features of DTC. However, classical DTC has several disadvantages, from which most important is variable switching frequency [11] . To eliminate the disadvantages of the classical DTC methods, Direct Torque Control-Space Vector Modulation (DTC-SVM) has been developed. Basically in DTC-SVM, the controllers calculate the required stator voltage vector and then it is realized by space vector modulation technique. With respect to the advantages of multilevel inverter and DTC-SVM method for good utilization in motor applications, using multilevel inverter in DTC-SVM induction motor drive, can lead to achieve high performance drive for motor applications.
Today's with the highly developed automotive industry and increase the number of automobiles in use around the world, the environment problems (air pollution and global warming issues) and depleting petroleum resources are becoming serious threats to modern life [12] . These problems indicate a safer, cleaner and more efficient vehicle than the conventional vehicle is needed. Fuel cell has several advantages include clean by-product, quiet operation and have high power density and high efficiency which make it suitable for vehicle application. FCEVs are one of the most promising vehicle solutions for the foreseeable future [12] . In FCEV, a fuel cell stack is used as the major source of electric power moreover the battery and/or ultra-capacitor is used to assist the fuel cell stack.
For FCEV a cascaded H-bridge inverter can be used to drive the traction motor from a set of fuel cell or batteries [13] . Several authors have addressed the using of multilevel inverter in large electric drive application to meet the high power demands. In [2, 4, 13, 14] cascaded H-bridge multilevel inverter has been used by fundamental frequency switching scheme for decreasing the harmonic distortion in output voltage. Symmetrical and asymmetrical arrangements have been used in [6, 15] in DTC induction motor drive by modified lookup table to improve the torque and flux profile. This paper proposes application of cascaded H-bridge multilevel inverter in induction motor drive for FCEV by DTC-SVM technique to improve the torque and the flux behaviour as well as distortion decrease in voltage and current profiles. The SVM method can be used for both symmetrical and asymmetrical inverters. The motor reference power and torque are calculated in vehicle dynamic and the energy management units control the reference power of fuel cell stacks.Cell schematic layout of this paper is shown in Fig. 1 . The reminder of the paper is organized as follows. Section 2 introduces cascaded Hbridge inverter. SVM in cascade H-bridge inverter and DTC-SVM have been presented in sections 3 and 4, respectively. Sections 5 and 6 describe vehicle dynamic model and FCEV power sources model and control, respectively. Simulation results have been provided in section 7. Finally section 8 concludes this paper.
Cascaded H-Bridge Inverter
Cascaded H-bridge multilevel inverter is one of the popular converter topologies used in high-power MediumVoltage (MV) drives [16] . As the name suggests, the cascaded H-bridge multilevel inverter has been used multiple units of H-bridge power cells connected in a series to achieve medium-voltage operation and low harmonic distortion [17] . This inverter needs several DC voltage sources to synthesize output voltage waveform, which solar cells, fuel cells, batteries and ultra capacitor are the most common independent sources. The structure of this inverter is shown in Fig. 2 , which each phases consist of two H-bridge. The single H-bridge is a three-level inverter that the four switches S i1 , S i2 , S i3 and S i4 can be controlled to generate three-level output, ±V dci and 0, when S i1 and S i4 are on, the output is +V dci ; when S i2 and S i3 are on, the output is −V dci ; when either pair S i1 and S i2 or S i3 and S i4 are on, the output is 0.
In modular or symmetric structure of cascaded H-bridge inverter which the DC voltage sources are equal, there are 2N+1 level in output of phase voltage where N is the number of DC voltage sources. Different levels of fivelevel are given in Table 1 . P and N mean positive and negative outputs of H-bridge, respectively. The use of asymmetric input voltages (inverter fed by a set of DC voltage sources where at least one of them is different from the other one) can reduce, or when properly chosen, eliminate redundant output levels, maximizing the number of different levels generated by the inverter. Therefore, this topology can achieve the same output voltage quality with fewer numbers of semiconductors [6, 8] . The optimal asymmetry has been obtained using voltage sources proportionally scaled to the two-or three-H-bridge power that the number of levels in phase voltage obtains as follows:
where, N is the number of DC voltage sources. For cascaded H-bridge inverter shown in Fig. 2 is generated seven-level and nine-level inverters by asymmetry structure that H-bridge scaled to the 2 and 3, respectively. Different levels of nine-level inverter are given in Table 2 . Table 2 . Voltage Levels of Nine-level Inverter
SVM in Cascaded H-Bridge Inverter
From the late 1990s, several SVM schemes for multilevel inverters have been introduced. The SVM schemes are based on finding the three nearest space vectors on the space voltage vector hexagon diagram with respect to the reference vector. The mathematical formulation of the SVM methods in the Cartesian coordinate system is quite complex, because the coordinates of the space vectors on the lattice are fractional numbers, which made difficult the space vectors selection. This was until Wei et al. in [18] suggested a coordinate transformation that the reference vector was transformed from the Cartesian coordinate system to the 60° coordinate system. The 60° coordinate system represents one sector on the lattice, and its benefit is that the coordinates for the space vector can be presented by integers. Thus, determination of the space vectors could be accomplished by simple rounding functions and integer calculation [19] .
The used SVM method in this paper is similar to [18] which have some changes in switching sequence design. Since the space vector can be presented by integers, this scheme can be used for asymmetrical inverter too. Reference voltage vector location and dwell time calculation for asymmetrical inverter are similar to symmetrical inverter which has equal number of voltage levels, finally the gating signals are made according to the switching sequences to achieve the required voltage level.
The space vector diagram of a three-phase voltage source inverter is a hexagon, consisting of six sectors, which is defined as follows:
where, V a , V b and V c are the phase voltages of the inverter. Here, the operation is explained for the first sector, the same is applicable for other sectors too. Fig. 3 shows space vector diagram for one sector of nine-level inverter, which transformed into 60° coordinates system with α and β axes by following equations: ( )
where V α and V β are components of V on α and β axes respectively, n is the number of inverter levels, θ is the angle of space vector and V dc is amplitude of each level in n-level inverter. The SVM method can be categorized in following items:
Reference voltage vector location
Consider the reference vector V * in Fig. 4 . The aim is to identify the triangle where the required reference vector is located and then finding the three nearest space vectors.
The space vectors V E , V F and V G can be calculated by following equations:
where, V Dα and V Dβ are V D coordinates which are equal to int(V α * ) and int(V β * ), respectively. Int() is a lower rounded integer function. Then following criterion is used to determine which triangular the reference vector lies in.
Dwell time calculation
The following two equations can be established according to the commonly used volt-second balancing principle:
where V 0 , V 1 and V 2 are vertexes of triangular in space vector diagram, T 0 , T 1 and T 2 are dwell times in this vertexes and T C =1/(2f s ) where f s is the switching frequency.
In accordance with the reference vector lies in triangular DEF or EFG one of the bellow equations can be used which are obtained from equations (5), (7).
General relationship between space vectors and switching states
Based on equation (2) The number of redundancy for each space vector of nlevel inverter is equal to: n − (α + β). The number of redundancy is odd or even if (α + β) is even or odd, respectively.
Switching States Selection and Switching Sequence Design
The number of switching sequences that the first and the last of these must be a redundant space vector increase with the number of redundant states. The aim is designing switching sequence to minimize the total number of switching transitions and fully optimize the harmonic profile of the output voltage. For switching sequence design small and large states are applied for even number redundancy and medium state is applied for odd number redundancy. Small, medium and large states (S S , S M , S L ) for space vector (α, β) calculated by: ,  2  2  2  2  2  2   ,  ,  2  2  2  1  1  1  ,  ,  2  2  2  2 E.g. Table 3 can be applied to switching sequence design for Fig. 4 . These sequences are for half cycle and for next half the sequences are employed from last to first. 
DTC-SVM
Direct Torque Control (DTC) was introduced for induction motors and then generalized for all AC drives [20] . DTC is one of the advanced control schemes for AC drives [21] . It is characterized by simple control algorithm, easy digital implementation and robust operation [10] . The basic principle of this scheme is the direct control of the torque and stator flux by inverter voltage space vector selection. The electromagnetic torque developed by an induction motor can be expressed as:
where, θ sr is the angle between the stator flux vector λ s and rotor flux vector λ r , P is number of pole pair, L m , L s and L r are magnetizing, stator and rotor inductances, respectively. σ is the total leakage coefficient equal to 
This shows that the applied voltage determines the change in the stator flux vector [22] . In induction motor the rotor flux due to the large rotor time constant is moving slowly, but the stator flux can be changed immediately. Therefore angle θ sr as well as torque can be changed thanks to the appropriate selection of voltage vector. Classical DTC scheme uses hysteresis controllers to select appropriate voltage vector from switching table and generates switching pulses to control the power switches of inverter. This scheme has a simple structure and very good flux and torque dynamic performance. Variable switching frequency, problems during starting and low speed operation, high torque ripples and flux and current distortions are disadvantages of classical DTC that cause of using hysteresis controllers and switching table [11, 23] .
Direct flux and torque control with space vector modulation (DTC-SVM) schemes are proposed in order to improve the classical DTC. Basically in DTC-SVM, the controllers calculate the required stator voltage vector and then it is realized by space vector modulation technique. Several methods have been presented for DTC-SVM such as: with PI controllers, with predictive/dead-beat and based on fuzzy logic and/or neural networks. For each of the control structures, different controllers design methods are proposed [11, 24] . DTC-SVM scheme with PI controllers for torque and stator is used here which is shown Fig. 1 . Based on the speed error, speed controller calculates reference torque value. The command stator flux is obtained from the reference speed and selected characteristic. Beyond the base speed (field weakening region) the flux is weakened proportional to 1/ω r . These reference values are compared with estimated values which are calculated in the stationary reference frame from terminal measurements by following equations: 
With respect to (19) , (20) the electromagnetic torque and stator flux can be regulated by v qs and v ds , respectively. Therefore the flux and torque errors across the PI controllers and produce the stator voltage components in stator flux reference frame. These components are DC voltage commands and must be transformed into stationary reference frame in order to use by SVM algorithm which is explained in previous section.
Vehicle Dynamic Modeling
The movement behavior of a vehicle along its moving direction is completely determined by all the forces acting on it in this direction [12] . The tractive effort (F te ) is the force propelling the vehicle forward to the ground through the driven wheels [25] . This force is available from the propulsion system is partially consumed in overcoming the road load (F w ). The net force, F te -F w , accelerates or decelerates the vehicle [26] . The vehicle acceleration can be written as
where K m is the rotational inertia coefficient and m is the vehicle mass. The road load includes rolling resistance, aerodynamic drag and grading resistance that opposing the vehicle movement.
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The rolling resistance is due to the friction of the vehicle tire on the road. where g and α are the gravitational acceleration constant and grade angle, respectively. µ rr is the tire rolling resistance coefficient that increases with vehicle velocity and depends on type and pressure of the tire. The aerodynamic drag is viscous resistance of the vehicle moving through the air. It is mainly function of shape drag and skin friction [12] . (27) where T m and T L are the torque of motor and load. B, ω m and J are the friction factor, the motor mechanical speed and the total inertia, respectively. The load torque in the motor referential and angular velocity of driven wheel are given by
where R and i are the wheel radius and transmission ratio, respectively. The vehicle total inertia in the motor referential is calculated by 2 
1
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where J V and J W are inertia moment of shaft and wheel, respectively. λ is wheel slip that is usually low and can be neglected, if the adhesion coefficient of the road surface be high [27] .
FCEV Power Sources Model and Control

Fuel cell stack model
The fuel cell system consists of Matlab-SimPower Systems based Proton Exchange Membrane Fuel Cell (PEMFC). This generic model is presented in [28] and combines the features of chemical and electrical models which suitable for electrical simulation programs. The fuel cell stack is modeled by a controlled voltage source in series with a constant resistance. The controlled voltage source is function of Tafel slope (A), the exchange current (i 0 ) and the open circuit voltage (E oc ) that will have to be updated based on the input pressures and flow rates, stack temperature and gases compositions [28] . 
Battery model
The battery type is Lithium-Ion (Li-Ion) which is based on Matlab-SimPowerSystems library model that is presented in [29] . The battery is modeled using a simple controlled voltage source in series with a constant resistance. The no-load voltage is taken into account with a nonlinear equation based on actual SOC (State-Of-Charge) which has same characteristics for the charge and the discharge cycle [29] .
The no-load voltage (E) and the battery voltage (V batt ) are calculated by 
Energy management unit
The motor reference power and torque are calculated based on the reference speed and vehicle dynamic. The reference current of fuel cell is determined by the reference power and P-I curve of fuel cell and is sent to DC/DC converter controller. The energy management unit controls the reference power of fuel cell based on the required power of fuel cell and battery recharge power. In this paper one fuel cell and one battery are used as power source for each cell of cascaded H-bridge inverter. The required power of motor is divided among all cells based on their voltages. It should be considered that the battery is used to assist the fuel cell stack.
DC/DC converter
The boost DC/DC converter step up the fuel cell stacks voltage to match that of the DC bus of H-bridge cells. The fuel cell current follows the fuel cell reference current by a current regulator that it uses a PI controller. The duty cycle is derived from the controller that it controls the output power of converter.
Simulation Results
To investigate the performance of cascaded H-bridge multilevel inverter in considered motor drive and The SVM method used with multilevel inverter, Matlab-Simulink based five-level and nine-level inverters are employed in both classic DTC and DTC-SVM based 3hp FCEV induction motor. Two types of PEM fuel cell stack (700W-20V and 300W-12V) are used in simulations. The parameters of induction motor, fuel cell stacks, battery and vehicle dynamic are given in appendix.
The European ECE-15 driving cycle is used as a test cycle, which is useful for testing the performance of small vehicles. A driving cycle is a series of data points representing the vehicle speed versus time. ECE-15 driving cycle is shown in Fig. 6 , which has a top speed of 50 km⁄h. The energy management units divide reference power among cells based on their DC link voltages. Figs. 7, 8 show the rotor speed and the power demanded to drive the vehicle that is calculated by vehicle dynamic. As it is obvious in the results, the drive and DC/DC converter controllers provide good regulation for torque, flux, speed and power. It is noticeable that the asymmetrical arrangement results the better responses than symmetrical inverter by using equal number of power switches. 
Conclusion
Cascaded H-bridge multilevel inverter for 3hp FCEV DTC-SVM based induction motor drive has been provided in this paper. To illustrate the performance of SVM technique used with multilevel inverter, simulation has been carried out using classic DTC scheme too. Five-level and nine-level multilevel inverters have been used in simulations. A fuel cell and battery has been employed as a power source of each H-bridge cell. Consequently the performance of the induction motor drive has increased. Contribution of multilevel inverter in motor drive for FCEV application led to get near sinusoidal stator voltage, very low ripples in current, less distortion and good regulations of torque and stator flux. Simulation results demonstrated the superiority of DTC-SVM method over classic DTC and the great performance of cascaded Hbridge multilevel inverter in DTC-SVM based induction motor drive for FCEV application. Furthermore with increase the number of voltage levels in asymmetrical inverter the drive performance has been increased by equal number of power switches.
Appendix
The Parameters of Induction Motor 
